UV dechloramination has become a very popular process for reducing the concentration of chloramines in public swimming pool water. As the effects of this process on the formation of disinfection byproducts (DBPs) remain a controversial issue, a bench-scale study has been undertaken to examine the impact of UV dechloramination on the formation of various DBPs. Four pool water samples were exposed to UV radiation at 254 nm in the presence of free chlorine ( 
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Introduction
Chlorine gas and sodium or calcium hypochlorite are the most common chemicals used for the disinfection of swimming pool water. According to the French regulations, the concentration of hypochlorous acid (HOCl) in water and the pH must be kept between 0.4 and 1.4 mg Cl 2 L -1 and 6.9 and 7.7, respectively [1] . Besides its disinfecting properties, chlorine reacts with contaminants introduced in water by the bathers to produce numerous undesirable disinfection by-products (DBPs), such as inorganic chloramines and organohalogenated by-products [2] [3] [4] [5] [6] [7] [8] Among the inorganic chloramines, it is well-known that trichloramine (NCl 3 ) is very volatile and is a powerful irritant for eye and for the upper respiratory tract [9] . Exposure to trichloramine and to other volatile DBPs in swimming pool water can damage the lung epithelium of swimmers and may be involved in the asthma rise in children and lifeguards [10] [11] [12] . The concentration of trichloramine in the atmosphere of indoor swimming pool is not regulated. However, the French Institute of Occupational Health and Safety (INRS) has recommended a comfort limit value of 0.5 mg NCl 3 m -3 [9] . The concentration of combined chlorine in water must not exceed 0.6 mg Cl 2 L -1 in French public pools [1] .
In order to meet this regulation, more than 500 French public pools have been equipped with a UV reactor during the last decade. Several UV systems equipped with Low Pressure (noted as LPUV) or with Medium Pressure (MPUV) lamps have been approved by the French Ministry of Health for dechloramination purposes [13] . In the pool water treatment chain, the UV reactor is inserted between the sand filter and the on-line injection point of the disinfectant. UV systems are usually operated at UV doses of 600 J m -2 . In current applications, UV dechloramination is an efficient process for decreasing the concentration of combined chlorine because pool water is continuously recirculated through the UV reactor [13] . For a turnover period of pool water of about 1.5 h, the cumulative dose of UV received by water is approximately equal to 10 kJ m -2 daily and therefore, the UV treatment will theoretically remove 90 % of trichloramine after one day of treatment (Table S1 in the Supplementary Material). It must also be emphasized that UV dechloramination of swimming pool water will also decompose free chlorine because hypochlorous acid and hypochlorite ion absorb UV light [14] . In pure water, the photodecomposition rate of free chlorine at 254 nm is slower than the rates of photolysis of mono and dichloramine and is significantly faster in the presence of organic solutes [14] . The mechanisms of photodecomposition of chloramines and free chlorine are quite complex and are not well elucidated. Recent works showed that inorganic chloramines are decomposed by UV light into inorganic radicals and nitrite ions as intermediates and into ammonium, nitrite, nitrate and nitrous oxide as stable end-products [15] [16] [17] . Free chlorine photolysis leads to the formation of hydroxyl radicals and chlorine atoms as transient species which can further react with free chlorine to produce chloride ions and other oxychlorine species [15, [18] [19] [20] .
Most of the reactions initiated by UV photolysis of chloramines and free chlorine are currently unknown but these reactions may affect the production of DBPs. To our knowledge, only four fullscale studies on the effects of UV dechloramination on the concentrations of DBPs in swimming pool have been published. The data obtained by Gérardin et al. [21] with reactors equipped with LPUV and MPUV lamps and by Cassan et al. [22] with a reactor equipped with MPUV lamps showed that UV dechloramination may increase the concentrations of trihalomethanes (THMs) in water by up to 250 %.
On the other hand, no significant effect of UV irradiation on THM concentrations was observed by [23] (LPUV and MPUV lamps) and by Vrillet [24] (LPUV lamps). It is difficult to explain the discrepancy between the conclusions of these studies because many factors can affect the production of THMs such as the pool attendance, hydraulic residence time, UV dose, UV wavelength, free chlorine concentration and loss of volatile DBPs by stripping.
In order to better understand the effects of UV dechloramination on the formation of DBPs, laboratory experiments have been carried out in the present study under fully controlled conditions. Four pool water samples were exposed to UV light in a photoreactor equipped with a LPUV lamp in the presence of free chlorine ( 
Materials and Methods

Preparation of solutions
All solutions were prepared from reagent-grade chemicals and purified water delivered by a Millipore system (Milli-RX75/Synergy 1985). The stock solution of sodium hypochlorite ( 3 g Cl 2 L -1 ) was prepared in purified water by dilution of a commercial solution of sodium hypochlorite (13% Acros Organics) and addition of hydrochloric acid to adjust the pH to about 8.5-9.0 and then stored in the dark at 4°C. Free chlorine concentration in the stock solution was determined just before use by iodometric titration. order to compare the photodecomposition rates of free chlorine in various types of water.
Pool water samples
Four water samples were collected from three public indoor swimming pools between 8.00 am and 9.00 am, and used immediately upon arrival at the laboratory (Table 1 ). All the pools were treated by chlorine gas or sodium hypochlorite and none of them had a UV dechloramination system. Water samples were collected into a 10-L glass bottle. After collection, free and combined chlorine were not quenched by a reducing agent because the time elapsed between sampling and the arrival of the samples at the laboratory did not exceed 30 min. The concentrations of free and total chlorine, total organic carbon (TOC) and nitrate, the pH and the UV absorbance at 254 nm of the four pool water samples have been reported in Table 1 .
UV photoreactor
Photolysis experiments were conducted by using a thermostated cylindrical batch reactor ( the UV lamp (I 0 ) was determined from photodecomposition rates of hydrogen peroxide as described previously by Nicole et al. [25] . The mean value of (I 0 ) was found to be equal to (4.52  0.13) 10 -6 E s -1 (Table S2 ) and corresponds to an irradiance of 19.5 J s -1 m -2 . The UV dose and the wavelength of the photoreacteor were chosen to be representative of the dechloramination process using low-pressure UV lamp, commonly used in indoor swimming pool water.
Experimental procedures
Immediately upon the arrival of the pool water sample at the laboratory, a fraction of water was transferred into a 5000-mL volumetric flask. The concentration of free chlorine was then determined by 
Analytical methods
Analyses of organohalogenated by-products
THMs were analyzed by the headspace technique combined with GC-MS. HANs, CH, DCP, TCP and TCNM were determined after liquid-liquid extraction by GC according to the USEPA Method 551. The concentration of adsorbable organic halide (AOX) was determined according to the NF EN 1485 method by using a DX-20 Dohrmann AOX analyser. Analyses of AOX were made in duplicate and the relative standard deviation was 10 %.
Other analytical methods
Free chlorine concentration in the stock solution of sodium hypochlorite was determined by iodometry.
Free and combined chlorine concentrations in swimming pools were determined by the DPD colorimetric with a portable spectrophotometer (Palintest 7500) using 10 mL of water samples and commercial DPD1 and DPD3 tablets.
The total organic carbon (TOC) was determined by a Shimadzu TOC analyzer (TOC-V CSH ).
Chlorate was determined by ion chromatography (Dionex 4000) equipped with a column (AS-19), an electrochemical suppressor (ASR-4mm) and a conductimetric detector. Sodium hydroxide (10 mM) was used as eluent (flow rate of 1 mL min -1 ). The injection volume was 500 µL adopted. The detection and quantification limits were 30 and 100 µg.L -1 , respectively. (Fig. 2b ). These data are consistent with published works which showed that organic solutes can significantly promote the photodecomposition of free chlorine [14, 26] . The data also indicate that free chlorine was almost completely removed after an irradiation time of 20 minutes corresponding to a UV dose of 23.5 kJ m -2 ( Fig. 2a) and that the photodecomposition rates of combined chlorine in the pool water were equal or lower than the decomposition rates of free chlorine (Table 1) .
Results
Photodecomposition of free and combined chlorine
In full scale installations, the removal of chlorine species (as determined by DPD) between the inlet and the outlet of the UV reactor is usually low (a few %) but the removals during one day of treatment or during the residence time of water in the pool is not negligible because the water is continuously recirculated in the UV reactor. The data concerning the decay of combined chlorine will not be discussed here because the DPD colorimetric method used in this work is not an appropriate analytical method for the quantification of the various inorganic and organic chloramines present in the pool water samples.
Production of chlorate
Ionic chromatography (IC) analyses showed that significant concentrations of chlorate ion (between 3.3 and 4 mg L -1 ) were found in swimming pools disinfected by sodium hypochlorite (Table 1) . These data can be attributed to the presence of chlorate in the commercial solutions of NaOCl because chlorate is formed by hydrolysis of hypochlorite during the storage of NaOCl solutions. IC analyses also demonstrated that the photodecomposition of free chlorine in ultra-pure water (phosphate buffer: pH = 
Effect of the UV treatment on the chlorine demand during the postchlorination step
Without UV pre-treatment, the chlorine demands of the four pool water samples during the post- The increase in the chlorine demand after UV treatment has also been confirmed by experiments performed with the four pool water samples at UV doses of 23.5 and 47 kJ m -2 according to the experimental conditions described in Fig. 1 . The percentages of increase in the chlorine demand were approximately equal to 50-70 % for 0410BLA; 150-220 % for 0427GAN and 0428BEL and about 520-620 % for 0421GAN (Table 2 and Fig. 4a ). The latter value is very high because of the abnormal low value of the chlorine demand of the control sample (0.2 mg Cl 2 L -1 ). These data demonstrate that UV dechloramination of swimming pool waters leads to the formation of by-products which are more reactive with chlorine than the parent compounds, most probably via secondary reactions involving photo-products generated from the photolysis of chloramines and free chlorine. Our data also demonstrate that UV dechloramination of swimming pool water would increase the chlorine consumption by two main ways: direct photolysis reactions of free chlorine in the UV chamber and increase in the chlorine demand of the pool water.
Effect of UV dechloramination on the post-chlorination DBP formation
For the pool water sample 0410BLA, Fig. 3 presents the effects of UV doses (in the range 0-35 kJ m -2 )
on the concentrations of chloroform (TCM) (Fig.3a) , TCP and TCNM (Fig.3b ) measured after the postchlorination treatment. For the four water samples, Table 2 and Fig.4b-4d) show the concentrations of DBPs obtained from experiments which have been carried out under the conditions described in Fig (Table 2 ) and the highest concentrations of AOX were found in pool waters having the highest TOC content. The concentration levels of AOX obtained with the four studied samples were consistent with published values (Brunet et al., 2010) . As it will be detailed later in the manuscript, the monitored BDPs (THMs HANs, CH, DCP, TCP, TCNM and HAAs) represent approximatively 50 % of the AOX . This is consistent with previously published data where the unidentified AOX represents more than 60 % of the AOX in drinking water [28] . Table 2 show that the UV treatment (UV dose = 47 kJ m Data presented in Fig. 3a show that UV irradiation of the pool water 0410BLA in the presence of free chlorine increased the TCM formation during the post-chlorination step by approximately 80 %.
Data in
Interestingly, the post-chlorination TCM formation did not significantly increase for pre-irradiation doses higher than 12 kJ m -2 , which corresponds to an irradiation time of 10 min and to a 75% decomposition of free chlorine in the UV reactor (Fig. 2a) . These data suggest that the effect of UV radiation on the formation of TCM might be mainly attributed to reactions between the organic solutes present in pool water and the transient species generated from the photolysis of free chlorine and chloramines.
These data were confirmed by the experiments carried out with the four water samples under the conditions described in Fig. 1 . As shown the data reported in Table 2 and 98 %, respectively. These calculations can be used to explain the decrease in the concentration of TBM in UV treated waters. In the case of BDCM, DBCM, the observed increase in the concentrations of these two THMs in post-chlorinated water suggest that the amounts of BDCM and DBCM formed during post-chlorination were higher than the amounts of BDCM and DBCM which were photodecomposed in the UV reactor. In their full-scale study of the effect of UV-dechloramination on the formation of THM, Cassan et al. [22] observed an increase in the concentration of TCM and of BDCM and a decrease in the concentrations of DBCM and TBM in water when the MPUV lamp was turned on. As compared to LPUV lamps, MPUV lamps are more efficient for the photodegradation of brominated THMs because these DBPs have a broad absorption band with a maximum at 220 nm [29] .
It should also be noted that the contribution of TTHMs to AOX increased from 5.5 % (sd = 0. As shown the data in Table 2 
Effect on the formation of chloral hydrate (CH)
In agreement with published works [6, 30] , CH was one of the most abundant DBP in swimming pool waters. Concentration levels of CH in control samples varied from 100 to 380 µg L -1 and represented approximately 17.9 % (sd 5.5; 4 values) of the AOX (Table 2) . Data in Table 2 
Effect on the formation of haloacetonitriles (HANs)
Effect on the formation of chloropicrin (TCNM)
TCNM was detected in two control water samples at concentrations of 0.4 and 1 µg L -1 ( Table 2) which are of the same order of magnitude than values reported in literature [2] . As shown the data presented in Figs 3b and 4d and in Table 2 , UV dechloramination / post-chlorination sequence significantly increased the TCNM formation to concentration levels ranging from 1.6 to 3. An increase in the formation of TCNM has also been previously observed with drinking water samples when chlorination followed a UV treatment with MPUV lamps in the absence of free and combined chlorine [31] .
TCNM is a by-product resulting of the chlorination of nitro-organic compounds. However, the identity of TCNM precursors in drinking waters and in swimming pool waters is unknown. It has also been shown that pre-ozonation of natural water, drinking water or treated wastewater prior to chlorination can substantially increase the formation of TCNM [32] [33] [34] and of other halonitromethanes [35, 36] probably because ozonation facilitates the oxidation of nitrogen compounds into nitro-organic compounds. MPUV irradiation of drinking water prior to chlorination was also found to increase the TCNM formation whereas LPUV irradiation had no effect on TCNM formation [31] . Precursors of TCNM can also be formed from non-nitrogenous organic solutes by dark nitration reactions occurring during the oxidation of nitrite by various oxidants (chlorine, ozone, chlorine dioxide, monochloramine)
in the presence of phenols [37] or by photonitration reactions occurring during UV irradiation of phenols in the presence of nitrate [38] .
In the present work, UV irradiation of pool water samples has been performed with a LPUV lamp, high Highly reactive hydroxyl radicals formed during photolysis of free chlorine [15, 20] , nitrite and nitrate ions [39] can oxidise nitrogenous organic solutes into more reactive TCNM precursors.
Nitrite ion formed by photolysis at 254 nm of monochloramine [16, 17] and nitrate [40] may also lead to the formation of nitro-compounds during its oxidation by free chlorine and other oxidizing species in the presence of organic solutes. In addition, photonitration reactions involving transient species formed during photolysis of nitrate, nitrite and chloramines may also be a source of TCNM precursors.
Conclusions
This laboratory-scale study demonstrates that UV dechloramination of swimming pool water by LPUV lamps and at UV doses similar to those usually applied for real pool water (cumulative UV doses up to 50 kJ m -2 and presence of free chlorine) significantly increases the chlorine demand of pool waters and the formation of some DBPs (more particularly TCM, BDCM, CDBM, DCAN, TCP and TCNM) during the post-chlorination step. All these data will be confirmed by our full-scale studies (not presented here) because similar trends were obtained for the effects of UV dechloramination by MP UV lamps on the chlorine consumption and on the formation of DBPs.
This study supports that UV dechloramination of swimming pool water significantly changes the formation potentials of DBPs because UV treatment initiate numerous oxidation, hydroxylation and nitration reactions involving transient species (Cl°, HO°, organic radicals…) formed from the photolysis of free chlorine species, chloramines and nitrate ions. As the precursors of the various DBPs in swimming pool water are not well known and because of the complexity of reaction pathways, additional research is needed in order to elucidate most of the reaction mechanisms, and in particular, the reaction pathways leading to the increase in the formation of THMs and of TCNM. Tables   Table 1 - (Fig. 3a) and on the concentrations of chloroform (Fig 3a) 1,1,1-trichloropropanone and chloropicrin ( (Fig. 3a) and on the concentrations of chloroform (Fig 3a) 1,1,1-trichloropropanone and chloropicrin (Fig. 3b) 
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